INTRODUCTION
Anthers form during a specific period of flowering plant life cycles, carrying pollens, which plays a key role in plant reproduction. Recently, several anther-specific genes related to pollen development have been identified in various plant species through high-throughput genomic studies (Kato et al., 2010; Li et al., 2010; El-Shehawi et al., 2011; Viswanathan et al., 2011) . Moreover, the production of fertile pollen depends on a complex regulatory network, as expression of anther/pollen-specific genes may play vital roles in this process, and disruption during development of anther/pollens can result in male-sterile plants (Glover et al., 1998) . Interestingly, various cis-acting regulatory/enhancer elements involved in anther/ pollen-specific expression have been identified in the promoters of anther/pollen-specific genes, and the 5¢ upstream regions of anther/pollen-specific genes typically exhibit tissuespecific functions (Swapna et al., 2011; Chen et al., 2010 Chen et al., , 2012b Khurana et al., 2013) .
Petunia hybrida is one of the most important ornamental plants, and is also a model material for the study of plant development biology. Many anther/pollen-specific genes have been identified through PCR-based screening of organ-specific cDNA libraries in petunia (Kobayashi et al., 1998; Cnudde et al., 2006) . However, specific anther development-related genes have not been fully identified or characterized, and the molecular mechanism of anther development is largely unknown in petunia.
Leucine-rich repeat (LRR)-containing proteins from plants have diverse overall structures and functions. The largest group in the LRR superfamily include the adhesive proteins (Kobe and Deisenhofer, 1995) . The structure of the PhLRR protein is nearly identical to those of polygalacturonase inhibitor proteins (PGIPs). PGIPs have been identified as defense proteins as their activity increases in response to wounding, elicitors, and fungal infection (De Lorenzo et al., 2001) . However, PGIPs of plants may not always function as defense proteins; they also participate in developmental activities. The SHY protein, which plays an important role in mediating pollen tube growth, functions in a signal transduction pathways (Guyon et al., 2004) .
In the present study, PhLRR, an anther-specific gene containing LRRs, was isolated from flower buds. Expression analysis and promoter cis-acting element prediction suggested that PhLRR is an anther-specific gene expressed in flower buds during initial developmental stages. This is the first report regarding the expression and functional analysis of the PhLRR gene in plants. Studies examining PhLRR may further our understanding of the molecular mechanisms of anther development in petunia.
MATERIAL AND METHODS

Plant materials
Petunia plants (Petunia x hybrida 'Fantasy Red') were grown in the experimental field of Huazhong Agricultural University, Wuhan, China. Materials for RNA extraction were sampled from at least 5 individual flowering plants and mixed randomly. RNA was extracted from the flower buds and anthers at 8 developmental stages [bud1 (Bl < 2 mm), bud2 (Bl 3 ± 0.5 mm), bud3 (Bl 5 ± 0.5 mm), bud4 (Bl 10 ± 0.5 mm), bud5 (Bl 15 ± 0.5 mm), bud6 (Bl 20 ± 0.5 mm), bud7 (Bl 25 ± 0.5 mm), and bud8 (Bl 35 ± 0.5 mm)] (Bl indicates the bud length excluding sepal), and from roots, tender stems, fresh leaves, and opening flowers, as well as from 4 whorls of floral organs (sepal, petal, anther, and pistil) in bud2, for use in realtime reverse transcriptase (RT)-polymerase chain reaction (PCR) analysis. Upon harvesting, these materials were immediately frozen in liquid nitrogen and stored at -80°C until RNA was extracted.
DNA/RNA extraction and cDNA synthesis
Genomic DNA was extracted from young petunia leaves using the CTAB method (Murray and Thompson, 1980) . Total RNA was extracted from flower buds, anthers, and other tissues using RNAiso Reagent (TaKaRa, Shiga, Japan) according to previously described methods (Yue et al., 2013) . RNA quality was evaluated by electrophoresis on 1.2% denaturing agarose gels. First-strand cDNA was synthesized using a TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix kit (TransGene, Beijing, China) according to manufacturer instructions.
Isolation of PhLRR and its promoter
Expressed sequence tags (ESTs) of PhLRR were acquired from the library by suppression subtractive hybridization. Through the EST BLAST in the genome database of Petunia hybrida, we successfully predicted the full-length open reading frame (ORF) of PhLRR and the promoter region using the FGENESH tool (http://www.softberry.com). The full-length cDNA and gDNA were amplified using the primers F (5'-GCAGGAAGTTGGCAAAAGATG-3') and R (5'-GTCGCTCAGATAGAAGAAATAAGGC-3'). The primers F (5'-GCGGTTTGAAC TATTGATTTACG-3') and R (5'-TTTGTTTAGACAGCTTTTGAGTGAC-3') were used to clone the promoter region of the PhLRR ATG start codon from petunia genomic DNA. These primers were all designed using the Primer 5 software.
Sequence analysis
Sequence character prediction of PhLRR was conducted using the ProtParam tool (http://www.expasy.ch/tools/protparam.html). Hydrophobicity of PhLRR was analyzed using the ProtScale tool (http://web.expasy.org/protscale/). A phylogenetic tree was constructed using MEGA5 based on the neighbor-joining method with 1000 bootstrap replications (Kumar et al., 2004) . Amino acid sequences used in phylogenetic tree construction were obtained from NCBI (http://www.ncbi.nlm.nih.gov/). Sequence of amino acid sequences were aligned using the ClustalW method (www.ebi.ac.uk/clustalw). The putative domain was predicted by Simple Modular Architecture Research Tool (SMART) (http://smart.embl-heidelberg.de/). NetNGlyc 1.0 Server and NetPhos 2.0 Server were used to predict the N-linked glycosylation sites and phosphorylation sites. PLACE (http://www.dna.affrc.go.jp/PLACE/signalup.html) was used to search for putative cis-acting elements in the promoter region.
Expression analysis by quantitative real-time RT-PCR
Quantitative real-time RT-PCR (qRT-PCR) was performed using an ABI 7500 Fast Sequence Detection System (PE Applied Biosystems, Foster City, CA, USA). The primers F (5'-GAAGGAGATGAATTGGAGGGG-3') and R (5'-CATTAAAAAG ACTGCCAGAGAAAAA-3') were designed using the Primer Premier 5 software. Beta-Actin was used as an internal control, and a negative control (no template) was included in each run. Reactions were performed using the SYBR ® Premix Ex Taq TM (TaKaRa). Briefly, PCR products were amplified using 1 mL template from the RT reaction mixture, 5 mL 2X SYBR ® Premix Ex Taq TM , 0.5 mL of each forward and reverse primer (10 mM), and water to a final volume of 20 mL. The thermal cycling conditions were programmed based on previously described methods (Yue et al., 2013) . A melting temperature cycle was performed to confirm the presence of a single product. qRT-PCR was performed in 3 replicates for each sample, with the data shown as means ± SD (N = 3).
RESULTS
Cloning of PhLRR
To identify new genes encoding proteins that regulate flower bud development in petunia plants, we constructed a suppression subtractive hybridization cDNA library. A cDNA fragment of 663 bp appeared to accumulate specifically in the flower bud. The sequence BLAST results (BLASTX) showed that the putative amino acid sequence encoded by this fragment was homologous to LRR proteins. Thus, EST BLAST of the genome database of Petunia hybrida successfully predicted the full-length ORF of the LRR protein using the FGENESH tool (http://www.softberry.com). A sequence with putative ORFs were obtained using RT-PCR and designated as PhLRR (GenBank accession No. KF146986).
Sequence analysis
The 1355-bp PhLRR cDNA contains a 1251-bp ORF, encoding a 416-amino acid protein (Figure 1) . The deduced molecular mass of the mature PhLRR protein was 46.2 kDa, with a predicted pI of 7.08. The amino acid sequence displayed 17 possible phosphorylation sites and 4 putative glycosylation sites for N-linked glycosyl chains (NXS/T, where X denotes any amino acid).
The region spanning from amino acids 90-344 contained 11 tandem repeats with an average size of 24 amino acids: 13 of the 24 residues were found to be conserved (Figure 2) . The composition of the repeats was very similar to the LRR motif, which was observed in several other proteins (Figure 2) . Alignment of LRRs revealed a 24-amino acid repeat matching the external LRR consensus (Figure 2) , LxxLxxLxxLxLxxNxLxGxIPxx, as observed in the tomato Cf-2 and Cf-9 genes (Jones and Jones, 1997). Using GenomeNet CLUSTALW, multiple sequence alignment was obtained for 14 accessions of the PhLRR/ PGIP/LRP/SLRP gene family. Phylogenetic analysis showed that different types of LRR proteins were classified into the same groups. PhLRR and SHY were clustered in the same clade (Figure 3 ).
Characterization of a novel anther-specific gene in petunia
Expression analysis of PhLRR
Expression analysis was performed to examine the space and time expression profile of PhLRR. In flower buds in different stages, this gene was highly amplified in bud1 to bud2 and largely decreased in bud3 (Figure 4) . PhLRR was found to be expressed only in anthers, but not detected in sepals, petals, pistils, roots, tender stems, fresh leaves, or open flowers ( Figure 5 ). Since the anther is only a small component of the petunia flower organ, particularly in stages bud4 to bud8, the expression of this gene may not be detected during late-stage flower buds. Hence, to explore the expression of this gene in different stages of anther development, anthers (an1 to an8) were stripped from bud1 to bud8, respectively, and subjected to time expression analysis. The results showed that PhLRR was highly expressed during the initial stages of anther development (Figure 6 ).
Promoter analysis of PhLRR
PhLRR was particularly abundant in anthers. To gain further insight into the regulation mechanism of PhLRR expression, a 1254-bp promoter upstream of the PhLRR ATG start codon from petunia genomic DNA was cloned (Figure 7 ). Various regulatory motifs (Swapna et al., 2011) related to anther/pollen-specific expression were observed in the PhLRR promoter region, such as ACGT MOTIF (ACGT), DOFCOREZM (AAAG), POLLENILELAT52 (AGAAA), GTGA MOTIF (GTGA), LAT enhancer element (TGTGA, TGTGG), and LAT52 quantitative element (TGGTTA) (Figure 7) . RT-PCR was performed using RNA isolated from eight different anther development stages (an1: <2 mm; an2: 3 mm ± 0.5; an3: 5 mm ± 0.5; an4: 10 mm ± 0.5; an5: 15 mm ± 0.5; an6: 20 mm ± 0.5; an7: 25 mm ± 0.5; an8: 35 mm ± 0.5). an: anthers.
DISCUSSION
It is very important to investigate the genes that participate in pollen development, particularly those that are anther/pollen-specific ones. This information will not only increase the understanding of the molecular mechanism of sexual propagation in flowering plants, but may also be useful in agriculture for hybrid seed production. N-linked glycosylation was found to play a key role in protein folding, membrane targeting, and substrate binding (Xu et al., 2009) . Several potential N-linked glycosylation sites (NXS/T) were found in the PhLRR protein (Figure 1) , indicating that the PhLRR protein may be glycosylated post-translationally and then translocated to the cell wall and membranes. Additionally, many putative serine/threonine/tyrosine substrate residues were found in the PhLRR gene, supporting that PhLRR is phosphorylated post-translationally (Figure 1 ). Therefore, PhLRR may be a receptor protein involved in early stages of signal transduction in the cell wall and plasma membranes and mediate protein interactions in various types of biological processes. Sequence analysis of PhLRR using bioinformatic tools revealed that PhLRR shares significant sequence similarity to some predicted LRR proteins, whereas the function or expression patterns of these genes remain unclear. Thus, we suggest that PhLRR is a novel gene of unknown function. PhLRR contains a conserved LRR domain, which has a highly identity to PGIPs. The LRR domain is characterized by tandem arrays of a leucine-rich consensus sequence and a structurally conserved LRR interaction surface (Kobe and Deisenhofer, 1994; Ho et al., 2002) . The PhLRR protein is composed of 11 tandem repeat LRR motifs (Figure 2) , of which the diversity of LRR domains may be related to specific molecular characteristics.
According to phylogenetic analysis, PhLRR and SHY are clustered in the same clade with other genes encoding PGIPs (Figure 3) . PGIPs, which play a role in plant defense and possibly during development, are also LRR proteins (Williams et al., 1992; Jones and Jones, 1997) . SHY is a pollen-specific gene, encodes an LRR protein that has been further studied in petunia, and the structure of SHY protein is nearly identical to PGIPs of plants. However, experiments indicate that the SHY protein is not a defense protein that inhibits fungal endopolygalacturonases, suggesting that SHY functions in a signal transduction pathway controlling pollen tube growth (Guyon et al., 2004) . Thus, PhLRR may also function in a signal transduction pathway and mediate plant anther/pollen development.
Recently, many anther/pollen-related or anther/pollen-specific genes have been isolated, characterized, and analyzed. Some of these genes were found to be expressed during early stages of male organ development (Zhang et al., 2011 (Zhang et al., , 2012 , some during late stages, and some during the entire period of male organ development (Robert et al., 1993; FourgouxNicol et al., 1999; Honys and Twell, 2004; Kato et al., 2010; Chen et al., 2012a) . Expression analysis showed that PhLRR was detected only in bud1-3, with expression peaking during the bud1 stage and then decreasing to a minimum during the 3rd stage. Similar expression patterns were observed during the various stages of anther development (Figures 4 and 6) . Additionally, PhLRR was expressed at an extremely high level in the anthers of petunia, but was not detected in any other tissues ( Figure 5 ). In our study, several different cis-element motifs involved in anther/pollen-specific expression were detected in the PhLRR promoter region (Figure 7) , suggesting that this promoter may be an anther/pollen-specific promoter. Among the various motifs, ACGT and AAAG, which are the core binding sites of the sperm cell-specific AtGEX2 and OsGEX2 promoters, were shown to be target sequences of the bZIP DNA-binding regulatory proteins and Dof transcription factors (Williams et al., 1992; Yanagisawa and Schmidt, 1999) . Remarkably, there were 7 copies of AAAG motifs and 1 copy of an ACGT motif in the PhLRR promoter region, indicating that expression of this gene is highly influenced by bZIP and Dof genes. These results imply that PhLRR is an anther-specific gene and plays a critical role in the initial stages of petunia anther development.
However, the precise physiological function of the PhLRR gene in anther remains to be elucidated. Further studies examining PhLRR in petunia should be conducted using RNAi.
